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HYPERLIFT AND BAIANCING OF SIENDER WINGS ®/1

Ph. Poisson-Quinton and E.Erlich ol L/é 3 L“/

The problems encountered in the design and subsonic flight
of supersonic transports (SST) are reviewed and calculated
for slender wings, canard-type aircraft, and delta wings
with and without fuselage, with and without front and aft
empennage. The use of pressure-side flaps, positioned so
as to avoid nose heaviness, is critically evaluated. The
hyperlift created by vortex trails shed from the wing tips
is used for modifying the design so as to improve the take-
off and landing characteristics. Variable swéepback by use
of retractable tail units permits 1ift increment at low speeds
and better performance at Mach 2 and 3. Performance graphs

Arethy”

for all possible designs are given.
RESUME

During preliminary studies for the project of the supersonic transport
(55T), the National Aerospace Research and Development Administration (ONERA)
has done systematic research on the 1lift of slender wings; the expression
"slender wing" is to mean sweptback wings of the delta family, highly adaptable
to supersonic flights, although their low aspect ratio gives only poor perform-
ance at low speeds.

However, the sharp sweepback of the leading edge permits an increase in
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1ift because of the development of funnel-shaped vortex streets shed from the
‘'suction side of the wing; the gain in 1ift will be defined as a function of the
aspect ratio and of the shape of the leading edge.

The hyperlift obtainable with a slender wing is directly correlated with
the possibility of stabilizing the aircraft longitudinally; several methods of
balancing have been tested in the incompressible-flow wind tunnel, using
"canard" type planforms or tail-controlled types, of which the advantages (mag-
nitude of balanced 1ift) and the drawbacks (difficulty in longitudinal and
transverse stability) as well as the computational methods will be given here;
finally, we will demonstrate that it is possible to obtain a moderate hyperlift
with a tailless aircraft, by using pressure-side flaps whose position is selected
50 as to prevent any nose-heaviness moments.

The variable-sweep wing, in principle, is truly '"slender™ only when flying
at high speeds, while the deployment of moderate-sweepback surfaces at low
speeds permits a relatively high hyperlift. However, the existence of a strong-
ly sweptback apex produces stability problems similar to those encountered in

slender wings.

l. Introduction

The increasing elongation or tapering of wings is directly connected with
the development of transonic aircraft and, later, of supersonic aircraft. The
attempt to reach good performance at high speeds has led to an increase in
sweepback at the leading edge and to a reduction in wing thickness. Structural
requirements then called for compact planforms, usually close to the delta con-~
figuration, which are familiar from the Mirages III and IV series.

More recently, ambitious civil and military programs, initiated in various




countries, have induced detailed aerodynamic research and development, resulting
in projects which all have slender planforms in common (Fig.l) and where the /2
particular design was the upshoot of a difficult compromise between the contra-
dictory requirements at low and high speeds. A brief listing of these projects
is a necessary introduction to the understanding of problems raised in takeoff

and landing:

a) Supersonic transport (SST), which must combine optimum aerodynamic per-

formance at high speeds and performances at low speed at least equal to those of
present-day civil aircraft. For this, two formulas have been proposed:
Tailless aircraft without hyperlift but with moderate wing loading (the
Franco-Britannic projects Sud/B.A.C. "Concord™ and the American Lockheed
Mach 3").
Variable-sweep aircraft with hyperlift in the configuration of "deployed
wings" and tail-stabilized (American Boeing project ™Mach 2.5").
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ties who are interested in avoiding multiplication of highly specialized costly
types, and which is to conciliate even more contradictory performance require-
ments: supersonic interception mission at high altitudes, transonic attack at
sea level, subsonic convoy with large radius of action, short takeoff and land-
ing runs. This difficult aerodynamic compromise has now been realized by two
prototypes:

Variable~sweep aircraft F. 111, corresponding to the T.F.X. American

pro ject.

Delta aircraft with Fowler or zap flaps and tail unit T.S.R.2, developed

in Great Britain.

¢) Military "Mach 3" aircraft, which have beej flying for some time in the




USA; these include the experimental bomber XB 70 which is a delta-canard air-
craft and the reconnaissance-interceptor YF-12A, of the tailless type.

d) Supersonic aircraft projects (long-range aircraft or first stage of a

satellite booster), whose configuration cannot bquccurately defined as yet;

however, it is highly probable that they will be designed in the form of slender
deltas.

e) Supersonic re-entry gliders, which are projects characterized by a strong

sweepback at the leading edge so as to minimize the considerable heat fluxes
encountered on re-entry from space. For the same reason, very blunt leading
edges are desirable but these are rather unfavorable for supplementary vortical
1lift at high landing angles.

In our report, we will concentrate mainly on problems encountered in such
slender-wing aircraft at low speeds, illustrated by several examples taken from
the research done at the ONERA: We will speak of "hyperlift"™ with considerable
reservation since it will be demonstrated that siender forms of low aspect ratio
are little suitable for high 1ifts and even less for longitudinal balancing.
Consequently, the term "hyperlifi™ will be used here to designate any 1lift in-
crement over the value predicted by the linear theory, obtained either by the
creation of a vortical flow on the suction side of the wing or by the use of
flaps.

Finally, longitudinal balancing will refer here to negative lock-in of 3
ailerons, to a canard planform, or to the use of tail units. In each of these
cases, we will list the stability difficulties that these devices may produce

at high angles of attack.

2. Aerodynamics of the Slender Wing

Let us first assign “geometric' limits to the term "slender wing"™ by using

L



an arbitrary criterion, based on the existence of turbulence on the upper wing
side. These funnel-shaped vortex trails, forming mostly near the leading edge,
induce local supervelocities (Fig.2) that give rise to an additional 1ift which
should be substantial with respect to that predicted by the linear theory. It
will be demonstrated that wings of the "delta" family, with an aspect ratio be-
low or equal to about 2.2 and having a sharp leading edge, meet this criterion.

2.1 - Figure 3 illustrates the extreme limits of the region studied here,
for wings of aspect ratios of 2.2 and 0.8, respectively. It is obvious that the
wing with the largest aspect ratio has a higher gradient at the origin, as pre-
dicted by the calculation, but - conversely - has a less rapid increase in the
coefficient of 1lift C_ at high angles of attack. In fact, the two wings have
almost the same C_ above 20, because of the degradation of 1lift of the wing
with the highest aspect ratio, produced by wing-tip stall.

An analysis of the local 1lift gradient (dC_ /d,), proposed by L.Cabot to
the O.N.E.R.A., is particularly useful for evaluating the extent of the "hyper-
1ift" vortex zone of a family of wings or, conversely, for defining the appear-
ance of trouble connected with wing-tip stall or with an "Mexplosion® of the
vortex sheet.

The effective 1ift can thus be considered as being the sum of two terms:
one a linear term which is readily calculated and the other a term of vortical
origin, for which we will attempt to define the limits.

2.2 - The linear 1ift of a family of slender wings has been calculated by
the method of the "lifting surface' in the three-dimensional trough of the
laboratory for electric analogy (Bibl.l). Figure 4 shows the evolution of the
1lift gradient as a function of the aspect ratio of tapered delta wings and.

truncated wings of “delta™ form or of M"gothic" form (leading edge in the shape
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of a parabolic arc). These two curves tend toward the Jones value of Cy =
= -%;— as soon as the aspect ratio tends toward zero.

2.3 - Vortical 1ift is correlated with the presence of a funnel-shaped
vortex sheet which develops downstream of a separation point at the sweptback

leading edge. This 1ift will appear at the inception of an incidence for a

-sharp leading edge, but only at a rather high angle of attack for a rounded

leading edge or a leading edge cambered downward.

In the case of a thin wing with sharp leading edge, various authors
(Bibl.2) have proposed formulas for deriving the vortical lift development with
the angle of attack. We have used here the equation AC_, = £(A* 5%, which
is valid near a speed of Mach 1 (Bibl.19). The introduction of the ratio of the
linear 1ift gradients in the incompressible range (electric trough) and at yin
Mach 1 (Jones), namely, R = 4.9/(4L.9 + A), will then permit to express the total

1ift of delta wings at low speeds in the form of
A Y3 .5/
C, = k'Rk 2 lra t A *lrg

where k is an empirical adaptation coefficient.

Figure 5 shows the excellent agreement of this calculation with experiments
(Bibl.3), for a value of k = 0.915. This factor depends specifically on the
thickness and type of the wing profile. The diagram also shows the importance of
the vortical 1ift increment which here is 65% of the linear 1ift at an angle of
approach of about 12.

Practical experience has shown that the increase in this vortical 1ift is
limited to angles of attack which are lower the larger the aspect ratio. This
limitation becomes quite obvious when analyzing the evolution of the local 1lift

gradient as a function of the angle of attack. Figure 6 demonstrates a common




critical value, obtained experimentally for a large number of slender planforms
with sharp leading edge: (C._io)xoc saax = 0.05. The local gradient then dimin-
ishes, at a rate which increases at decreasing slenderness of the wing (wing-
tip stall or breakup of the vorticity).

Using this empirical value of 0.05 as ceiling for the local 1ift gradient,
we calculated (Fig.7) a family of curves for the effective 1ift (C_, i) for a
family of delta wings with aspect ratios ranging between 0.6 and 2.9 (critical
value for which no more vortex effect exists). The exﬁerimental points refer-
ring to isolated wings or to wings combined with fuselage agree well with the '
calculated evolution, but the "effective'™ aspect ratio generally is slightly
lower than the geometric aspect ratio (coefficient k > 1).

It is of interest, based on this family of curves and the graph constructed
for a family of gothic wings, to calculate the effective 1ift (c, = Cug + ACLt)
obtainable at a reasonable angle of approach (i =Wii)) for various aspect ratios.
Figure 8 shows that this calculation furnishes an evolution which is fully con-
firmed by numerous wind-tunnel tests with mockups. It will be noted that the
presence of a fuselage on a slender wing of this type does not greatly influence
the 1ift.

This plotting also shows that the relative gain in vortical 1lift is speci-

fically interesting at low aspect ratios:

A

QACLQ_/CLL = 26%

N = 180, /C, = T2%

which is the basic principle that makes the projects of needle-nose flying wings
such as the "Concord"™ useful also at low-speed.
Above, we have assumed that the wing was very thin with a sharp leading

edge and a symmetric profile; as soon as this is no longer the case, the genera-
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tion of the vortical regime, connected with the separation of the boundary layer
~at the suction side, may be greatly retarded if the leading edge is rounded or
cambered toward the bottom. Conversely,'it is possible to increase the vortical
regime at a given angle of attack. Figure 9 gives a schematic view of the con-
figurations corresponding to one or the other case:

a) A thick slender wing with a blunt leading edge (case of the supersonic /5
glider) retains a purely linear 1ift up to an elevated angle of attack, which
results in a considerable 1ift decrement with respect to the same wing of sharp
leading edge. This difference is clearly shown in Fig.10, which compares the
lifts of 75 gothic wings having, respectively, thick and thin profiles. It
will be noted that the influence of the Reynolds number, which is negligible in
the case of a sharp leading edge, becomes quite considerable in the case of a
rounded leading edge since it governs the appearance of flow separation which,
in turn, leads to the generation of a 1ift vortex. This Reynolds effect is
specifically important in studies of the landing of lifting bodies on re-entry
from space.

b) An Madaptation™ by cambering a sharp leading edge will result in a dis-
placement of the overall curve of the local 1lift gradient toward positive inci-
dences, i.e., a 1ift decrement which, compared to a given approach angle, is no
longer negligible. This is the price to be paid for an adaptation having the
purpose of increasing the maximum fineness ratio of the aircraft within a large
Mach region (gain by the "suction® effect at the leading edge near the adapta-
tion C_, which is considerable if the leading edge is distinctly subsonic).

¢) An attractive aerodynamic solution which, however, is technically dif-
ficult, consists in making the entire leading-edge unit swivelable (Bibl.2):

either toward the bottom so as to increase the fineness ratio at coeffi-




cients of 1lift above the adaptation CL;
or toward the top so as to increase the turbulent 1ift at a given angle
of attack.

These deflections result in a displacement of the overall curve of the local
1lift gradient toward angles of attack that are either positive or negative.
Figure 11 gives a balance of these gains, with respect to maximum fineness ratio
and 1ift at approach, obtained on two tailless aircraft mockups balanced longi-
tudinally. The gain in fineness ratio obtained by deflection is less than that
obtained by a cambered leading edge, properly calculated for a certain coeffi-
cient of 1ift; a deflection toward the top of such a leading edge would also
restore the vortical 1lift at higher angles of attack.

d) Finally, it is possible to increase the vortical regime by ejection of
air over the entire span of the leading edge in the wing plane (Fig.9). Re-
search done in the wind tunnel at Cannes has indicated that this method is spe-
cifically interesting for rounded or adapted leading edges of delta wings with
strong sweepback, which become vortical already at low angles of attack. The
efficiency of the system (ratio of gain in 1ift to thrust in the countercurrent
airstreangpasses through a maximum for relative-wind coefficients of the order
necessary for the classical boundary-layer control on hyperlift flaps (AC /G ~
~3, for §, = Tsqys * 0.03).

2. - It is impossible to speak of slender wings without mentioning the
problems of reduction in stability, frequently encountered at high angles of
attack and high sideslip. With respect to longitudinal stability, there fre- [6
quently is a tendency to nose-up ("self-stall" or "pitch-up") at high angles of
attack, rendering the aircraft unstable. This well-known phenomenon of swept-

back wings also occurs in tapered delta wings with insufficient sweepback of the




leading edge. In this case, the vortex sheet which, at increasing angle of
attack, progressively approaches the plane of symmetry (Fig.2), no longer is
located at the wing tip. The resultant decrease in negative pressure then leads
to a tail-heaviness moment. This is clearly indicated by a comparison of the
slope of the stability curves for delta aircraft having decreasing sweepback:
7d°, 6CP, and Sd’, which are plotted here with the same static stability margin
at low angles of attack (Fig.l2a). For a delta of 50° , which incidentally no
longer is of the "slender wing®" type, the violent pitch-up is due to wing-tip
stall. For a delta of 60°, the stability loss is more progressive and becomes
negligible for a delta of 7¢°.

A wing-tip cut-off or, preferably, an outline of the leading edge as a
parabolic arc (gothic wings shown in Fig.12b) will yield perfectly linear sta-
bility curves since the vortex sheet then remains close to the wing tip at high
angles of attack.

Pitch-up may also result from an exaggerated extension of an apex with
strong sweepback (Fig.l2c) whose vortex prematurely moves away from the wing
tips. As above, the tendency to nose-up increases progressively with the angle
of attack. In the present example, the Y“gothic" wing with a parabolic planform
which has the same form in the rear plan, exhibits a slight tendency to nose-
down. Therefore, it can be stated that it is possible to design an intermediary
apex form, which would result in a perfectly linear stability curve.

Another method of reducing the pitch-up consists in generating a compensat-
ing pitch-down moment, by placing, below the vortex sheet, a control surface
attached to the trailing edge (Fig.12d) which will be actuated by the negative
pressures induced at angles of attack at which the vortex approaches the wing

root. A counter sweepback, at the trailing edge, which also might reduce the

10

b




pitch-up, acts in accordance with the same principle.

Double-delta wings, with the sweepback accentuated at the apex, have been
selected for certain projects so as to facilitate aircraft balancing at super-
sonic cruising. The load at the apex will become, important at high Mach num-
bers, and the resultant decrease in stability will compensate the transonic
rearward shift of the aerodynamic center of the simple wing. As mentioned above,
these configurations are subject to pitch-up, whose intensity increases here
with the size of the surface added to the nose. Figure 13 gives a typical ex-
ample of the progressive tendency to nose-up, produced by a fillet of ad® sweep—
back, added to a delta wing of 6 . The increase in 1ift, resulting from this,
is very slight at low angles of attack but the vortical 1ift becomes consider-
able at high angles of attack.

The same diagram shows that the basic wing (D) has a perfectly rectilinear
stability curve, because of a cut-off of 20% at the wing tip. Conversely, a
10Z cut-off (B) is insufficient to prevent the pitch-up connected with the de-
crease in wing-tip loading at high angles of attack.

lateral flanks, extending the wing toward the upstream side along the fuse-
lage ("planing fins", Fig.ll) play the same role as nose extension, i.e., they
reduce the static margin in supersonic flight. At the same time, however, they
produce an increase in directional stability at high angles of attack. Here,
Fig.l4a shows that, in skidding flight, the vortex of the windward planing /1
fin produces intense negative pressures along the lateral flanks of the fuselage
(favorable yawing moment) and on the suction side of the fin (rclling moment).
This leads to a considerable increase in directional stability at high angles of
attack. Unfortunately, the positive induced roll, which already is predominant

in slender wing designs, is further accentuated by this device. The abrupt de-
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crease in these coefficients, AC, and AC,, beyond 10° of sideslip (i = 18°)
corresponds to a separation of the vortex sheet on the windward side of the
wing, a phenomenon which will be discugsed in more detail later in the text.

The 1ift increment and the tendency to nose-up produced by these lateral
flanks (Fig.l4b) will occur only at a relatively high angle of attack, despite
the fact that these flanks have a sharp leading edge.

The degradation of the funnel-shaped vortex sheets, at a certain distance
from their origin, is a phenomenon that is of importance only if it occurs above
the suction side of the slender wing. In that case, this.discontinuity in the
vortical regime will result in an abrupt decrease in the negative pressures in-
duced on the rear section and thus will lead to loss of 1ift and tendency to
pitch-up.

For a given sweepback, this "breakaway" advances progressively from the
trailing edge to the nose, with increasing angle of attack. The breakaway ap-
pears at the trailing edge at angles of incidence that are lower the more the
sweepback is moderate [Figs.l5a and b, according to R.A.E. tests (Bibl.4)]. If
the aircraft is in a sideslip, the wing "facing the wind" which has the less
effective sweepback is the first to be struck by this breakaway, resulting in an
abrupt decrease in roll and in directional stability (see Fig.lha).

A typical example for this phenomenon, obsérved on a special wing with
double sweepback (delta 60°, with an 80° sweepback nose) at the Cannes wind
tunnel, is given in Fig.l5c. The course of the wall flow, at two adjacent high
incidences, makes it possible to localize this breakaway, which results in an
abrupt drop in 1ift and a violent pitch-up. Let us mention that the visualiza-
tion in the hydrodynamic tunnel is in complete agreement with the wind-tunnel

results.
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3. Hyperlift of Slender Wings

A strong hyperlift, comparéble to that obtained with present-day aircraft
of high aspect ratio, is out of question for slender wings, for the two follow-
ing reasons:

The efficiency of a flap decreases with the aspect ratio of the wing;
The nose-heavy moment, produced by the deflection of the flap, is rela-
tively high because of the large lever arm between the center of gravity
and the center of application of the supplementary 1ift. 1In this case,
compensation of a strong hyperlift is impossible with empennages located
at reasonable distances forward or aft of the fuselage.

The problem of longitudinal balancing is thus more restrictive in this
case than that of the intrinsic efficiency of a hyperlift device.

3.1 ~ A calculation of the influence of flaps on slender wings presents /8
no difficulty. The rheoeleciric method is still of great value in this case,
for determining not only the efficiency of a flap or of an elevator or roll
stabilizer but also the location of the center of thrust of the 1ift variation
(secondary a.c.). Figure 16 shows the excellent agreement between this calcula-
tion made on an iéolated wing in the electric trough and the full-scale mockup
tests in the wind tunnel.

On this example of a gothic delta wing with moderate sweepback, it was
found that, for a center of gravity located, for example, at 50% of the mean
chord (static margin of 3.5%), the center of application of AC_ is located at
80%, i.e., quite far in back of the chord. To balance the nose-heavy moment of
a hyperlift flap, by using a tail unit mounted near the trailing edge or near
the leading edge, one could be tempted to elongate such a slender-wing aircraft

excessively, which it already had been by definition. Conversely, in the absence

13




of hyperlift, the balancing of a tailless aircraft requires only slight nega-
tive deflections if the static margin is low.

3.2 - The selection of the type of hyperlift flap depends on the desired AC,
(Fig.17).

A slotless flap, on a classical 60° delta wing (Fig.17a) has an efficiency
which agrees satisfactorily with the calculation (Bibl.5) up to about 15° de-
flection. A slot permits extending this agreement up to 30°, with the effici-
ency passing through a maximum near 4,5 deflection. Practical experience has
also shown that an increase in the span of the flap, which in principle is of
interest for the increment AC , unfortunately leads to a prohibitive overload at
the wing tip which stalls prematurely as soon as the low angles of attack result
in a longitudinal instability (pitch-up).

A reduction in wing span (aspect ratio changing from 2.18 to 1.3l by trun-
cating the wing tip), for a given hyperlift flap will result in a considerable
loss of efficiency (Fig.17c¢c) which could then be minimized by using wing-tip
disks which increase the effective aspect ratio.

The problem of boundary-layer control by flaps is well known (Bibl.6, 7,
and 8) and is used in numerous aircraft. The example shown in Fig.17b, refer-
ring to a 60° delta wing with pressure slots, tested at the R.A.E. for use in
the T.S.R.2 supersonic aircraft, showed that such ejection of an air jet will
restore the flow on the flap [AC_ equal to that calculated for a perfect fluid
by a method given elsewhere (Bibl.5)] for values of the suction factor which
increase with the deflection (here, G, = 0.01 for @y = 50°). This boundary-
layer control by pressure slots (compressed air tapped from the jet-engine com-
pressor) readily permits a doubling of the 1lift of a M"slim™ aircraft at landing

incidences. In fact, in the very thin wings of supersonic aircraft it is easier
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to install high-pressure suction ducts ending in rotating flaps than to install
the complicated kinematic system of classic slotted flaps with recoil.
More intense ejection of air (control of the circulation) can be obtained

by deflecting the engine jets, as discussed below (Fig.28).

4. Llongitudinal Stability of Slender Wings 9

Let us first review briefly the three principal methods of longitudinal
balancing for the simple case of a schematic aircraft without hyperlift:
In Fig.18, three different aircraft configurations are given:
without tail unit (flying wing);
with rear tail unit;
with canard-type empennage.
The centers of gravity of these tail units were so arranged that the static
margin was the same (aerodynamic center at 3% of the mean chord aft of the center
of gravity). The balancing, at a given angle of attack, is obtained by deflect-
ing the control surface which leads to a loss in coefficient of 1lift for tail-
less aircraft with rear tail unit but to an increase in coefficient of 1lift for

a canard aircraft;:

AC, = (de /des ) * C. (not balanced)

where d¢ and drs , respectively, are the distances from‘the center of gravity to
the focus of the aircraft and to the secondary focus of the control surface. In
the actual case, a tailless aircraft will suffer a 1lift decrement, due to the
balancing , of -AC, = 12% C_., while an aircraft with a rear tail unit will have
a loss in 1lift of only 4% and the camard-type aircraft will have a gain in 1lift
of 3.2%.

15
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L.l Tailless Aircraft

L.1.1 - To reduce the 1ift decrement, due to the balancing of an aircraft
without tail unit, one possibility is to reduce the static stability margin to
a minimun. In this direction, however, a 1limit is produced by the necessity of
maintaining stability up to the highest angles of attack useful to a given air-
craft. If the stability curve is not linear but, as frequently is the case in
slender wings, shows a tendency to nose-up at high 1lifts, the static margin will
be excessive in cruising flight, resulting in an increase in balancing drag.

In this respect, it should be recalled that the balancing drag can be consider-
ably reduced because of the existence of a law of spanwise camber and twist of
wing profiles (Bibl.9 and 10) in such a manner that the aircraft is self-
balanced at the cruising C_, without deflection of the control surface (for
example, the "Concord™ project). The weak tail-heavy moment G, » resulting in
this case, is generally insufficient for balancing the aircraft on takeoff and
landing.

L,.1.2 - Strongly cambered forms are desirable for blunt 1ifting bodies
during re-entry from space so as to ensure their longitudinal self-balancing at
high angles of attack. Figure 19 shows the aerodynamic characteristics of such
a supersonic glider at landing speeds. On the gothic wing with rounded leading
edge, the vortical 1ift appears only near an angle of attack of 5. An installa-
tion of fins at the wing tip will increase the 1ift gradient at the origin (in-
crease of the effective aspect ratio by a "panel" effect) but counteracts the
development of vortical lift (Fig.19a). Such double fins will reduce the longi-
tudinal stability but will make the curve (G, Cu) practically linear at a Gu
sufficiently high to ensure a self-balancing near angles of attack of 10°. The

Jongitudinal control, in this case, will then require only negligible deflections
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of the elevons (Fig.19b). Of interest is also the relatively high value of the
maximum fineness ratio for a body of such low aspect ratio, which renders it
"landable™.

As in all wings with strong taper, the roll induced by the sideslip is /10
quite considerable but control in roll is facilitated by differential deflection
of the elevons (Fig.19c). Finally, the directional stability increases with
the incidence in this particular configuration with lateral fins (Fig.19d).

L.1.3 - It is well known that the hyperlift efficiency of a pressure-side
flap diminishes as soon as its hinge advances toward the leading edge (Fig.20).
However, a moderate gain in 1ift is of great importance if the pitching moment
created is either zero or a fortiori of the tail-heaviness type, when used for
a tailless aircraft. Practical experience has shown that an optimum placement
in depth exists, leading to a maximum 1ift increment without modification of the
pitching moment. A gain in 1ift of 18% at the approach angle has been obtained
for a specific configuration of a strongly deflected flap. This device would
also produce a 50% increase in aircraft drag, which has a favorable influence
on the reduction of the rate of entry into the range of velocity instability
("second regime" or stalled condition). This velocity instability, which is an
inherent drawback of tailless aircraft with tapered wings, due to their low
fineness ratio, can be kept to a tolerable value by a suitable adaptation of the

jet-engine regime to the kinetic flight pressure.

L.2 Canard Aircraft

The principle of longitudinal stabilization of a hyperlift wing by a canard
design is quite attractive, since a part of its inherent 1ift is added to that

of the flaps and since its lever arm, with respect to the center of gravity,

17



can generally be greater than that of a rear tail group. However, this con-
figuration has been used only in rare cases, for various reasons of which the
most important are as follows:
Increase in structural weight of the fuselage nose which must be rein-
forced to carry the loads of a canard design.
Interactions due to the vortices shed by the canard design and reaching
either the wing at a certain incidence (loss of longitudinal stability)
or the fin at a certain sideslip (loss of directional stability). Below,
we will list methods for minimizing these interactions.

L.2.1 - The ONERA has done extensive basic research on the calculation and
testing of canard-type empennages, useful for rockets or aircraft. We will
merely list some of the results of these calculations for incompressible flow:

a) Lift of a canard planform: Figure 21 gives a comparison of computation-
al and empirical data for a combination of swivelable canard fuselage with re-
spect to the 1ift gradients obtained, respectively, by effects of angle of
attack and flap deflection. The 1lift gradient of the canard type, in the pre-
sence of a fuselage, has been calculated on the basis of the 1ift of an isolated
canard and of the coefficients of reciprocal interaction, based on the theory
of slender bodies (Bibl.11, 12). This calculation is in satisfactory agreement
with the experimental results obtained by difference measurements of (fuselage +
+ canard) and (fuselage alone) configurations.

b) The calculation of the pitching moment, applied to the canard plan- /11
form, is obtained on the basis of the theory for slender bodies. To avoid long
calculations, it is assumed that the negative 1ift induced by the canard plan-
form on the wing (Bibl.13) is applied at the center of gravity of the evolu-

tional part of the wing section exposed to. the vortex sheet shed from the canard
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(Bibl.1L). Figure 22 gives a comparison of calculation and experiments for two
configurations of a delta-canard aircraft with 6C° sweepback, on which either
the lever arm or the surface of the canard planform were varied. This calcula-
tion, performed on the basis of experimental data obtained on the (wing + fuse-
lage) configuration agrees satisfactorily with the tests.

c) Proceeding from the above computational methods, it is possible to ob-
tain an approximate definition of the positioning and the size of a canard
plane, capable to compensate a certain hyperlift output. Figure 23 indicates
the efficiency of a pivoting or swivelable canard (rated here in degree of de-
flection per unit AC_, furnished by the hyperlift flap) as a function of the
lever arm and of the dimensions of the canard. i€ will be noted particularly
that an increase in span or an increase in the lever arm will no longer be
profitable above certain, relatively moderate, values. In subsequent tests, we
adopted a canard span equal to three times the diameter of the fuselage and used
a distance between trailing edges about 1.7 times that of the mean chord of the
wing.

L.2.2 - A systematic experimental study of the balancing of classic slotted
flaps was conducted on an aircraft mockup with a 60° delta-gothic wing, with
conical camber in the median position along the fuselage. Successive experi-
ments were made with swivelable, floating, and fixed canard planforms with
suction flaps. The comparative results are presented in Fig.2, in the form of
balanced lifts obtained for one and the same static margin (4.3% of the mean
chord). In each case, the canard remined at a locked-in deflection at variable
incidence, and the balancing was obtained by varying the deflection of a flap
acting as "elevon'.

a) The swivelable canard was of the type anmalyzed previously (Fig.23). Its
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balancing power was limited by its possible stall at combinations of angles of j
attack and deflection that approach the maximum coefficient of 1ift for a 60°
delta plane. This drawback is clearly indicated in Fig.25a, where the 1lift of
the swivelable canard is plotted as a function of the angle of attack for two
extreme deflections of 0° and 19 . At a relatively high angle of attack of i =
= 15’, it is obvious that the increment AC_, useful for the balancing, is limited
by its maximum 1ift (i + B = about 3¢°).

b) The principle, if not its actual construction, of a "floating" canard
is quite attractive. This type is free to pivot about a hinge and its setting
is controlled by a small flap (trailing-edge ™ab"). Consequently, for a given
position of this flap, the 1ift obtained on the right of the swivel axis is
almost independent of the incidenée, so that the prime advantage of a floating
canard is that of being "transparent'", i.e., its presence produces practically
no changes in the static margin of the (wing + fuselage) configuration, which
permits a more rearward shift of the center of gravity than in the case of the
preceding design. This will lead to a larger lever arm for the canard type air-
craft and a smaller lever arm for the hyperlift flap.

Its second advantage lies in the fact that the useful 1ift for balancing
is much greater than that of the swivelable canard whose angle of deflection is
limited by the breakaway (function of i + 8) since here the entire lift at /2
high incidences can be utilized. Figure 25b shows that, under these conditions,
one is no longer limited by the C_ zax of the delta type at high angles of
attack. This double advantage, in the presented example, leads to a consider-
able increase of the available tail-heavy moment, of the order of 2.2 times that
possible with a swivel canard.

The "floating" canard, fixed at the instant of piercing the sonic barrier,
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permits a reduction in the excess static margin of the aircraft in the super-
sonic range, which constitutes still another advantage.

However, it is obvious that such a device will require considerable supple-
mentary research, specifically as to its dynamic behavior and to the possible
transonic difficulties expected from such a "floating" configuration.

¢) The canard with pressure slots, tested here and having a lozenge plan-
form, is mounted to the upper portion of the wing with a positive dihedral of
15 so as to remove the resultant vortices as far away from the plane of the
median wing as possible. Only the control surface is movable, producing a
tangential ejection of air, which permits restoration of smooth flow at high
deflections. The 1ift efficiency of this canard with pressure slots, namely,
the ratio of 1ift increment AC , to available thrust (coefficient Cy of air
ejection) is of the order of 6 in the example given in Fig.24. The curve of
the 1ift, balanced by pressure slots on the control surface deflected by 6¢° ,
corresponds to a constant thrust of the air compressor such that G,/C. = T, /P =
= 0.015. There is a lack of linearity of the curves for the 1ift and for con-
trol at low angles of attack, which is a phenomenon due to a vortical inter-
action which will be discussed later in the text.

The comparison sheet of the balanced hyperlift of the three above solutions,
at aﬁ approach incidence of 12, with the value obtained for a tailless air-

craft at the same static margin, indicates increasing gains, as follows:

C.(i=12)
Tailless aircraft 0.39
Aircraft with swivel canard 0.63
Aircraft with floating canard 0.73
Aircraft with pressure-slot canard 1
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These impressing lift increments over tailless aircraft obviously are
accompanied by an increase in the maximum fineness 1ift, resulting in a notable
reduction of the velocity of entry into the second regime during the approach
flight.

4,.2.3 - The regime of intense vorticity in the downwash from the deflected
canard unfortunately interferes with both longitudinal and transverse stability,
which may have serious results in cases of poorly investigated configurations.

a) Typical perturbations, observed with respect to the longitudinal sta-
bility of two configurations of canard aircraft with pressure-slot control are
shown in Fig.26.

In the case (a) of a median wing with positive setting and a low position
of the canard control surface, the sharply deflected vortex sheet shed by the /13
canard approaches the underside of the wing only near an angle of attack of ’.
At this instant, the local supervelocities induced by the vortex at the pressure
side of the wing will result in a loss of 1lift and a violent tail-heavy moment,
which makes this configuration useless at angles of attack between 7 and 12.

The configuration (b), conversely, uses a canard with pressure slots,
placed high on the fuselage at a positive dihedral. 1In this case, the vortex
sheet strikes the pressure side of the wing at the median position, starting
from very low angles of attack; these perturbations disappear again at an angle
of & at a time at which the vortex sheet has passed to the suction side of the
wing (at this instant, the induced supervelocities result in a supplementary
1ift and in a nose—heav& moment ). »

A more detailed investigation showed that these perturbations can be ne-
glected at still lower angles of attack (i.e., outside of the domain of approach

flight) for a wing of low position.
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b) The perturbations observed with respect to transverse stability also
originate in the vortex sheet which, this time, forms at the fins. Figure 27
illustrates this phenomenon for the case of an aircraft with swivelable canard
(deflected at 15 ) in sideslip: At an angle of attack of 15 s the vortex sheets
form at the suction side of the wing and thus strike the fin (or fins).

In the case of a single-fin aircraft, the vortex system induces superve-
locities which produce an unstable moment which lasts until the angle of side-
slip becomes sufficiently large to have the two vortices be located on the same
gide of the fin. The moment, due to the induced negative pressures, will then
become favorable.

In the case of a two-fin aircraft where the fins have a spacing equal to
the span of the canard control surface, the phenomenon is exactly opposite since,
at zero sideslip, the two vortices are located between the fins. Thus, the di-
rectional stability is excellent until the two vortices pass along the outside
of one of the fins toward j = 89, which again will lead to directional insta-
bility. Let us recall that these upper-side fins may cause a violent pitch-up
if they are installed in the path of the vortex sheet shed by the wing, i.e.,
too close to the wing tips.

Finally, this same Fig.27 shows that the presence of a canard control
surface, in the absence of fins, is of benefit for the directional stability at
low angles of attack because of the supervelocities induced by the vortices
along the flanks of the fuselage. This phenomenon is similar to that mentioned

above for the lateral flanks of the fuselage (Fig.lhi).

L.2.4, Balancing by Jet at the Fuselage Nose

The present development of very light-weight 1ift jets for certain V.T.O.L.
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aircraft promises their later use for the longitudinal balancing of hyperlift
devices in aircraft with slender wings. The 1ift efficiency is quite inferior

to that of a canard with pressure slots but such a simple jet will produce no /1L
perturbation of the aircraft stability (Bibl.15).

As a typical example, we are giving here an evaluation of the thrust re-
quired at the front of the fuselage for compensating a strong hyperlift.

Figure 28 presents results of the 1ift and moments obtained in the Cannes
wind tunnel with a 60° delta aircraft mockup, equipped with a central pressure
flap. To minimize the nose-heavy moment and to increase the efficiency of the
flap, the latter was placed in front of the trailing edge between fins, forming
panels. The pressure coefficients used here are quite superior to those re-
quired for re-attachment of the boundary layer and correspond to an extensive
control of circulation (Bibl.2). Deflections of the flap up to 9¢° will become
possible and the coefficients of 1ift obtained are very high for a wing of such
low aspect ratio: C = 3.2 for Cm‘ =1.7at i = . Calculation shows that the
thrust produced by the vertical jet at the fuselage nose, for compensating the
nose-heavy moment, corresponds to G,, = 0.38 which is added to the preceding G,
to yield a total compensated 1ift of CLT'¥ 3.6 at zero incidence. This total
mechanical equipment represents about 58% of the aircraft weight, of which 20%
are taken up by the balancing jet. These orders of magnitude are not prohibi-
tive for an S.T.0.L. aircraft designed for supersonic flight.

less extensive hyperlifts, corresponding to a positive deflection of the
order of 5 of a classic elevon, can be compensated by thrusts (assumed as being
applied at a distance equal to one mean chord, forward of fhe center of gravity)
constituting less than 7% of the aircraft weight. The resultant 1lift increment

at approach, with respect to the tailless aircraft, is of the order of LOZ%.
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The thrust of the nose jet obviously must be kept under control at the approach
incidence so as to avoid a reversal of the direction of the elevon control,

which would result from a constant thrust of the balancing jet.

L.3 Aircraft with Rear Tail Group

The calculation of an aircraft with rear tail unit of a slender wing is
difficult because of the more or less intensive interaction of the vortices shed
by the wing, depending on the position in height and the rearward shift of the
tail group. Therefore, systematic tests were made at the ONERA to attempt the
derivation of certain general laws and to study the longitudinal perturbations
that a rear tail unit might exert on the aircraft.

L.3.1 - The variation in the experimental position of the a.c. with the
lever arm of a tail group, in a position slightly lower than the wing, is given
as & typical example in Fig.2%9%a, for an aircraft with 60° delta-gothic wings.
The experimental values are in satisfactory agreement with a calculation made
on the basis of test data obtained for the (wing + fuselage) configuration,
making use of experimental laws of deflection and 1ift of the isolated tail
unit.

L.3.2 - An increase in the lever arm permits a balancing of higher 1ifts
for one and the same tail unit. Figure 29b shows the lift increment obtained
for the same static margin with respect to a tailless aircraft compensated by
negative elevons. For a tail unit, placed close to the trailing edge of the
wing assembly, the increment is even greater (of the order of LO%, for this
particular static margin of 5%).

L.3.3 - The influence of the position in height of the tail group is /15

illustrated, in Fig.30, by the slope of the longitudinal stability curves ob-
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tained in this case:

In the low position, the presence of a tail unit results in a consider-
able increase in stability, because of the value of the prevailing mean
deflection.

For a position of the tail unit at midheight of the fin, the stability
decreases greatly at low angles of attack (becoming close to that with-
out tail group) because of an increase in deflection; in addition, a
pitch-up appears as soon as moderate angles of attack are reached.

For still higher positions of the tail group, the stability at low
angles of attack increases again but the abrupt tendency to pitch-up
persists, due to the influence of the vortex field of the wing assembly.

L.3.4 - In the above example, the aircraft had a slender wing of the gothic
type whose stability curve is correct. It is of interest to mention here the
case of a swallow-tail wing with a strong intrinsic pitch-up (Fig.31). This
drawback was first encountered several years ago, in the stage of the advance
project of the experimental "Deltaviex™ aircraft of the ONERA. At that time,
wind-tunnel experiments showed that a low position of the tail unit permits a
perfect balancing of the tail-heavy moment which occurs at angles of attack
above 10° (Fig.3la).

The hyperlift of this aircraft was relatively easy to achieve and produced
no trouble in longitudinal stability. Figure 31b gives a typical example of
the balanced 1ift increment, cbtained with a moderately deflected flap, first
without and then with ﬂangential air-jet ejections» In the latter case, the
curve for elevator control is perfectly linear.

L.3.5 - Finally, cases exist in which the pitch-up of the wing is due to

deflection of the hyperlift flaps (wing-tip stall at high overloads). Figure 32
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shows that a tail group in low position will Jead to a reversal of this pitch-up
tendency, because of the reduction in the mean deflection starting at the angle
of incidence at which pitch-up occurs (the loss in efficiency of the flap, at

high angles of attack, contributes to this favorable reduction in deflection).

5. Variable-Geometry Aircraft

Variable geometry is a highly acute subject,'rhich is mentioned here be-
cause of its possible application to aircraft with slender wings for improving
either the performance at high speed or the performance at subsonic and low
speeds.

| The rearward shift of the aerodynamic center in the transonic range leads
to flights that are too stable in supersonic cruising. This can be compensated
either by a suitable transfer of fuel which will shift the center of gravity
rearward (case of the Concord aircraft) or by a variable geometry based on the
following principles:
a) Lock-in of a canard control surface which had become "floating" /16

in the subsonic range.

b) Downward swivel of the wing tips (case of the XB-70) which, at the
same time, permits a reduction in the longitudinal stability and an
\ increase in the directional stability, which generally is critical on
approaching Mach 3.
c) Retraction of a rear tail unit which, at low speeds, permits balanc-
ing of a certain hyperlift of the aircraft.
In addition, a variable-sweep wing conciliates the strong sweepback and the
low aspect ratio desirable in flights at high speed with the large aspect ratio

desirable for flights at low speed.

27




Only two cases of variable geometry will be discussed below, namely, re-
tractable tail unit and sweptback wing.

5.1 - Experiments were conducted on a schematic retractable rear tail unit
(Bibl.16) in the Cannes wind tunnel, using an aircraft configuration with slender
wing (Fig.33).

The partial retraction of this tail unit (sweepback changing from 15° to
105’ ) shifts the aerodynamic center forward by 3.6% of the chord, i.e., by about
2/3 of the shift for compensating the transition to the transonic regime
(Fig.33a). The additional advantage of such a tail unit, extended at low speeds,
is its ability to compensate the nose-heavy moment of a moderate hyperlift on
the wing. The balanced 1ift increment, with respect to a tailless aircraft of
the same static margin, is of the order of 27% at an approach angle of 12
(Fig.33b). Optimum performance is obtained by replacing the slotted control
surface of the tail unit by a Fowler flap which is less cumbersome and more
efficient. Here again, this hyperlift permits a considerable reduction of the
velocity of entry into the second regime (by 70 knots, for a wing loading of
200 kg/m® on landing; Fig.3hc).

5.2 - The principle of a variable-sweep aircraft is well known [(Bibl.17,
18) and Fig.3L].

Because of the articulation of the wing about a pivot, conveniently posi-
tioned along the span, the advantages of a wing with strong sweepback at high

speeds [supersonic cruising, transonic sea-level flight less susceptible to

gusts because of the low (CL,)o of a very slender wing] can be conciliated with
the advantages of a wing of large aspect ratio and slight sweepback (satisfac-
tory subsonic fineness ratio, strong hyperlift at low speeds). Intermediary

sweepbacks, in addition, permit an optimizing of the flight in the higher sub-
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sonic range (for example, sweepback of L5 at M ¥ 0.9).

In configurations for low-speed flights, the strong sweepback apex forward
of the deployed wing raises difficult problems of longitudinal stability because
of the vortical regime which uswally prevails at high angles of attack. A con-
tinuous increase in local 1ift at this apex results in a progressive 1lift decre-
ment on the deployed wing, at increasing angles of attack. This leads to a
pitch-up tendency, which is greater at sharper sweepback of the fillet (Fig.3Lb).
This drawback can be partially compensated by a reduction in sweepback of the
fillet (which is unfavorable at high speeds) or by any of the above-mentioned
devices for reducing the vortical 1lift at the apex (cambered leading edge, /17
of the swivelable or rounded type; Fig.9) combined with antistall devices at the
leading edge of the deployed wing. Such leading-edge tabs are indispensable for
utilizing the hyperlift of the cambered flaps up to the permissible angles of
attack for approach flight (Fig.34c).

Such an adaptation of the profiles - in supersonic cruising in the re-
tracted position and in subsonic flight in the more or less deployed position -
is not necessarily incompatible since calculation in both cases results in

leading edges with camber increasing toward the wing tip.
6. Conclusions

The recent development of supersonic aircraft has resulted in a novel
aspect of aserodynamics, one of whose rain objects is the study of slender wings
in incompressible flow.

We have shown that these wings with strong sweerback and low aspect ratio,
desirable for good performance in the supersonic range, héve rather poor aero-

dynamic characteristics at low speeds.
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Hewever, sufficient 1ifts and good flight qualities may be obtained at
takeoff and landing angles of attack if the additional vortex lift is fully
utilized, permitting properly designed slender planforms.

With respect to the useful hyperlift, this problem is intimately connected
with the possibility of compensating the nose-heavy moments produced by deflec-
tion of the flaps.

For a tailless aircraft, a ventral flap is proposed which is quite ineffi-
cient but does not produce nose~heavy roments that must be compensated.

The solution of using a canard empennage is attractive with respect to
longitudinal balancing but results in considerable perturbations of the longi-
tudinal and transverse stability which, however, can be avoided by careful and
detailed wind-tunnel tests.

Balancing by use of a rear tail unit is less efficient but permits satis-
factory flight qualities if the positioning of this empennage is carefully
selected.

Variable sweepback is mentioned here only with respect to slender wing
forms. As a typical example, we demonstrated the operating principle of a re-
tractable tail unit, placed in the rear of a flying wing or of an aircraft with
variable sweep. These two configurations yield interesting hyperlift solutions
and also increase the performance of the aircraft at high speeds.

Experiments and tests have shown that the successful develorment of a
supersonic aircraft will require extremely detailed experimental investigations

in the domain of low subsonic velocities.
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